Traditional geophysical interpretations of multiple data sets have been carried out by interpreting the data on an individual basis and painstaking comparison of the overlapping registration of anomalies on different types of data. This paper illustrates a visualization approach to combining multiple data sets. The individual data sets can consist of any quantified data on a two dimensional (2D) grid (e.g., EM, gravity, magnetics, digital coded geology, topographic maps, model responses, etc.), or three dimensional time-dependent data (e.g., seismic, or GPR). The approach is based on computer software that automatically registers the coordinates of the data sets to the same base map. The interpreter then assigns a vertical position in a 3D block and a color scale to each individual data set. The resulting 3D block is displayed on the screen for further manipulation of opacity and color scales to provide an optimum image for the interpretation of the fused data sets. The interactive interpretation phase is further enhanced with an ability to generate cross section slices and smaller 3D blocks that highlight individual anomalies. Multiple data sets that are handled in this manner provide the interpreter with the optimum environment for visual comparison and interpretation of diverse and complex data sets.
Introduction
In spite of many advances in the modeling and interpretation of individual geophysical data sets, geophysicists have still not found a good means of integrating (or fusing) multiple data sets. There have been a few attempts made at statistical fusion of data in the geological sciences, with most of the formal work being conducted on hydrogeologic data (Yeh, 2002) . Even after a practical means of automatically fusing data has become a reality at some future time, interpreters will still need tools that allow them to visually verify the statistical correlations that are generated automatically by computers.
The reality for present day geoscientists is that most interpretations of geophysical data are made in a qualitative and visual manner by isolating anomalies on individual data sets and then comparing anomalies between different data sets. In some cases, the data sets are overlain in some manner for comparison. This type of comparison is cumbersome and difficult for a variety of reasons. In this paper we suggest an alternative means to visually compare different data sets, whereby several data sets are simultaneously displayed in a single 3D block. Colors and opacities on the data sets can be individually adjusted to optimize the simultaneous inspection of anomalies on different data types over the same grid. This approach at data fusion is purely visual, and will provide a complimentary means to verify the loca-tion of anomalies, or be used to help with the discrimination of materials based on the type of response shown by the different data sets (e.g, the location of conductive and non-magnetic material versus conductive and magnetic material).
For our examples of visual data fusion, we will use data sets from a survey at Brookhaven National Laboratory in 1994 . The study area was used for many years as a waste disposal site for chemical and radioactive debris from the lab. Waste was buried in deep discrete holes that were 2-5 m in diameter, and 1-40 m deep. The glacial till consisted mostly of homogenous sand sized particles, with a few layers of finer grained material. The material was ideal for most geophysical measurements. The water table was located at a depth of 11.9 m, and is easily mapped with GPR. The individual pits and pit boundaries could generally be located with EM and GPR. Pits containing metallic objects could be easily identified on the vertical gradient magnetometry data.
Geophysical measurements were made along lines spaced 0.5 m apart over the 50 X 220 m Animal-chemical pit area. The data shown in this paper covers a 48 X 50 m subset of the total survey area.
2D and 3D Displays
EM (EM-31, and EM-61) measurements and vertical gradient magnetics measurements were made along lines spaced 0.5 m apart over the approximately 45 X 50 m area Animal-chemical pit region. The exact limits of the raw data are shown on the individual displays of the data sets shown in Figure 1 . The anomalies related to the pits can be seen primarily in the northwest corner and along a diagonal beginning in the SW corner of the grid. Other smaller pit anomalies are present along the western side of the grid.
One of the fundamental problems of displaying multiple data sets simultaneously is illustrated by the data in Figure 1 . Individual surveys do not necessarily cover the exact same area. For a variety of reasons, individual sets of measurements begin and end at different points along a line. In fact, surveys at some sites may be even run along different lines along grids that are skewed with respect to each other. This is a common problem when field measurements are made at different times by different field personnel. The rotation of lines and different starting and ending positions of lines must be taken into account in a program that attempts to overlay data sets. In the examples shown in this paper, we have taken care of the co-location problem by recording all field locations in terms of State Plane Meters and rotating measurement points to a common coordinate base using an Affine Transformation (HIPR2, 2003) , which is a very simple trigonometric rotation method. GPR data sets are traditionally presented in a 2D, or a 3D block view as shown in the example of data from our study area that is presented in Figure 2 . Clearly, this type of view makes interpretation of even the individual 3D GPR data sets cumbersome. An improved approach for presenting individual GPR data sets was discussed in a previous paper (Daniels, 1997) and in a short course (Annan and Daniels, 1998) . This visualization approach emphasizes the interactive manipulation of the view, slices of the data block, and an ability to change both the color assignments and the opacity easily.
The sequence of interpretation possibilities for 3D GPR data is shown in Figure 3 . The overprint of the layered sand-silt makes it difficult to see the pits through the layering. Trace subtraction (equivalent to F-K filtering for zero degrees of dip) was applied to each line prior to block formation, but even this processing does not entirely prevent the 1D layers from obscuring the response from the 3D pits. Time and cross-section slices of the 3D block are shown in Figure 3a . The full block with a typical color and opacity assignment is shown in Figure 3b . The view in Figure 3b is adequate to use for cut-out views and solid sub-blocks, but it is not a good view to use for an interactive first order level of interpretation. Figure 3c shows the effect of changing the opacity, whereby the increased transparency of the lower amplitudes causes individual high amplitude anomalies to become more visible in the block. The visual isolation and enhancement of the pits is improved by utilizing only one polarity of the dual-polarity trace data, as shown in Figure 3d . Ultimately, the pits (or any 3D objects in a geologically diverse environment) need to be further isolated by looking at a smaller subset of the data. Vertical isolation, and the extraction of a smaller sub-block can complete the interpretation of individual features in a block of complex data, as can be seen in Figures 3e and 3f. The evolution of interpretation of a 3D GPR data set. The evolution includes the following: a) the full block, b) slices of the full block, c) the application of opacity controls on the block, d) the elimination of one of the polarities of the GPR data to decrease voxel density, e) decreasing the volume size for interpretation vertically, and f) isolating a sub-block of the data.
3D Combined Displays
Combined displays consist of superimposing one data set over another. There are several ways of doing this. Multiple data sets are commonly treated simultaneously in the area of remote sensing, and mathematical combinations (addition, subtraction, cross-correlation, etc.) of two, or more, data sets are commonly computed and displayed. However, geophysical data is unique because of the orientation and offset of the data, and from the fact that sometimes the interpreter is looking for positive correlations between data sets, while for other classes of anomalies there is no anticipated correlation.
The primary consideration for coincident display is that the two data sets must have the same coordinate registration. Since different data sets may be recorded at different times, it is often the case that measurement points do not coincide. In these situations, the data points must be rotated to a common base grid and the data must be re-gridded so that the measurement locations coincide. The registration often must include both rotation and interpolation of measurements.
Once the registration procedure is complete, then the interpreter can begin the process of simultaneous display of the data sets. In our initial example from Brookhaven, we have chosen to the GPR and the EM-61 data sets. The two individual data sets are shown in Figure 4a . The EM-61 are displayed on top of the GPR data in Figure 4b , while the cross sectional slices of the two data set is shown in Figure 4c . As expected, the EM-61 data and the GPR data overlap in the vicinity of the two major pits (marked as A on the NW corner of the data sets, and the series of SW-NE trending anomalies that are marked as B-C on the plot). Also, a pit on the west side (indicated by the letter F) and a group of small anomalies on the north side of the plot (indicated by the letters D and E) also are more distinct when viewed using the two combined data sets. It should also be noted that the lateral extent of the EM-61 anomaly A is greater than indicated by the GPR. This is indicative of the presence of shallow material surrounding the pit. It would be easy to miss the pit at anomaly A if only the EM-61 data were used. The combination of the GPR and the EM-61 confirms the location of the core of the pit. Only the larger pits were excavated to confirm the presence of materials below the surface. A combination of three data sets is shown in Figure 5 . The EM-31 data are presumably seeing deeper than the EM-61 data. This brings about differences in the location and size of the anomalies. The EM-61 anomalies are generally smaller and more detailed, while the EM-31 anomalies are broader. This difference in anomaly size is partially due to the sensor geometry, but there are specific anomalies that are clearly present on the EM-61 data that are absent from the EM-31 data. It could also be argued that part of the difference in these anomalies can be due to the fact that the EM-31 is a display of the out-of-phase mode, while the EM-61 is measuring the time-domain pulse. This is true, and it would be a good idea to superimpose the in-phase component of the EM-31 output on this plot before any conclusions are drawn concerning the true nature of the EM-31 anomalies compared to the EM-61 output. 
Conclusions
The conclusion of this paper is very simply that since we now have the ability to easily display multiple data sets on a single screen, we can treat multiple standard sets of geophysical data in a multiview manner. This opens up a whole host of possibilities for visual interpretation of geophysical data and for integrating 2D and 3D geophysical field data with model results, or any other type of digitized information (e.g., color coded maps, topographic maps, etc.).
One of the keys to the interpretation of multiple data sets is the ability to manipulate both the color assignments and the opacity so that individual features can easily be seen from one data set to the other. In addition, the digital display must be completely interactive to allow interactive control of the color, the opacity, and the view. A good interactive display also allows the interpreter to easily select and switch between block views or slices, with the capability to view a small portion of the block. In short, the interpreter needs to have full control of the 3D block of data to change any display parameter. The final display is the interpretation.
Finally, there are still several technological shortcomings of this approach. It is difficult to capture the image from the screen to a single final image. In fact, the real power of multiple data set display is the ability of the interpreter to obtain different perspectives and views of the multiple data sets. Turning and twisting the data sets help to visualize the true nature of the correlations. Unfortunately, these important nuances of dynamic interpretation cannot be captured on individual images. The current 8 bit technology limits the display of complex data sets, and the speed and memory capacity of even the most powerful PC's is still somewhat limiting. However, these limitations are rapidly being lifted, and very soon interpreters of geophysical data will be able to treat multiple 2D and 3D data sets simultaneously in the same manner that simple 1D geophysical well log data have been handled for many years.
